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ABSTRACT

In this study, a conductive film of poly (methyl methacrylate)/polyaniline
(PMMA/PANi) was fabricated through a free radical copolymerization
reaction using methyl methacrylate (MMA) and aniline monomers at
different aniline-to-MMA ratios, namely, 1:1, 1:3, and 1:5. The PMMA/
PANi copolymer films exhibited a total electromagnetic interference (EMI)
shielding effectiveness (SET) of 0.45, 0.60, and 1.22 dB, respectively, which
is more than twice that of the pure PMMA film (0.16 dB). The copolymer
films possess the highest conductivity of 2.34 x 107° S/cm at the optimum
value of aniline for films polymerized with a 1:3 PMMA:PANi ratio. Higher
conductivity materials exhibited lower resistance and, thus, absorbed more
EM energy, resulting in better EMI shielding.
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INTRODUCTION

All electronic devices, such as TVs, laptops, kitchen appliances, and mobile
phones, emit electromagnetic (EM) radiation that self-propagates in space or
through transparent matter. EM radiation consists of electric and magnetic
field components that oscillate in phase perpendicular to each other and the
direction of energy propagation [1].

Electronic magnetic interference or abbreviated as EMI, on the other
hand, is the interference produced by one electronic device to another by the
electromagnetic fields set up by its operation. Additionally, interference is
the combination of two or even more EM waves that cause the displacement
wave that either will be canceled or reinforced. When multiple electronic
devices work in the same area, EM radiation produced from each other might
be picked up by other electronic devices and cause interference. This may
cause the device to malfunction and not perform optimally.

All electronic devices are equipped with EMI shielding material to
reduce the impact of EMI. Material with EMI shielding properties is a
material that shields the penetration of EM radiation through the reflection
and adsorption of EM radiation. Consequently, the amount of EM radiation
from the environment penetrating the device’s electronic circuit will be
reduced. The ratio of the magnitude of the electric or magnetic field incident
on the barrier to the electric or magnetic field transmitted through the barrier
wall is used to measure the shield's effectiveness of a material [2].

The most common materials for EMI shielding in electronic devices
are steel, pre-tin coated steel, copper, nickel, or carbon. Long before, metal
steel was used extensively as EMI shield materials and molded into various
shapes depending on the design of the electronic housing or enclosures.
Nevertheless, steel and copper are very strong solid materials, making
them challenging to mold and deform under pressure. Additionally, despite
having high conductivity values, steel and nickel are easily oxidized at
high temperatures [3, 4]. Therefore, this work aims to solve the mentioned
problem by copolymerization of methyl methacrylate (MMA) and aniline
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monomers to produce poly (methyl methacylate)/polyaniline) (PMMA/
PANi) copolymer film. Alternatively, this study presents a pioneering
approach by employing a bulk polymerization method via free radical
polymerization reaction to prepare a conducting film known as PMMA/
PANi copolymer film. This copolymer film possesses synergistic
properties, combining the good conductivity of aniline with the high optical
characteristics of PMMA. Since PMMA/PAN! is a polymer-based film, the
corrosion and scratch resistance of the prepared film are better than that
of steel.

The ratio of MMA to aniline was varied (1:1, 1:3, and 1:5) to determine
the most suitable ratio that yields optimum conductivity and shielding
efficiency. To demonstrate the effectiveness of the bulk method in the free
radical polymerization approach, interactions between PMMA and PANi
chains were investigated using Fourier transform infrared spectroscopy
(FTIR). Additionally, conductivity measurements using the 2-probe method
were conducted to evaluate the conductivity of the produced copolymers.
The potential application of PMMA/PANIi copolymers as electromagnetic
interference (EMI) shielding materials was also assessed using a vector
network analyzer (VNA).

EXPERIMENTAL

Materials

All the materials and method of copolymerization reaction of MMA
with aniline monomer via free radical copolymerization reaction has been
described elsewhere [5]. The dopant concentration and polymerization time
were fixed to 1.5 M and two hours. Meanwhile, the MMA to aniline ratio
was varied to 1:1, 1:3, and 1:5.

Synthesis of PMMA/PANi Conductive Film

PMMA/PAN:I conductive film was synthesized using a free-radical
polymerization technique under nitrogen gas to ensure an oxygen-free
environment. In a typical procedure, 10 ml of MMA was added to a reaction
flask, and BPO was introduced while stirring at a polymerization temperature
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of 60 °C. Polymerization started prior to the addition of BPO and continued
until gelation occurred.

As the polymerization progressed, the solution gradually became more
viscous. At this point, HCl-doped aniline (1.0 M, 1.5 M, and 2.0 M), was
added to the reaction while adjusting the MMA to aniline monomer ratio to
1:1, 1:3, and 1:5. The copolymerization process continued for 2 h, followed
by a reduction in polymerization temperature. To stop the polymerization,
methanol was added to the reaction mixture once the desired polymerization
time was achieved. Subsequently, the copolymer was subjected to three
cycles of washing with distilled water and excess methanol to eliminate
contaminants and unreacted monomers. The resulting copolymer precipitate
was collected and dried in an oven for 24 h.

Spectral Analysis

The copolymers film was characterized by a 2 cm™! resolution, in the
spectral range of 4000 to 500 cm™! wave numbers. The spectral analysis
was acquired using a Nicolet 6700 FTIR (Thermo Scientific, Waltham,
MA, USA) spectrometer.

Conductivity

In this study, the resistance of PMMA/PANi copolymer produced
was measured by two-point probe measurement using 4200-SCS’ Keithley
Interactive Test Environment (KITE) source meter. The sample used for this
measurement was in the form of a thin rectangular film with a dimension
0of 0.02 m x 0.01 m and a thickness of 0.08 mm. Meanwhile, the length
of the needle probe was 0.005 m. This length value was fixed for every
measurement of all samples.

The resistivity of PMMA/PANI copolymer was obtained using Eq. (1):
RA
=2 @m) (1

where R is the material’s resistance, A is the cross-sectional area
(width, w times thickness, t), and L is the needle’s length.
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In addition, the material’s conductivity is simply the inverse of
resistivity. It is denoted by the symbol o, and the unit for conductivity is
S/m. From the resistivity value measured previously, the conductivity of
PMMA/PANI copolymer was calculated using Eq. (2).

o=—(Sm") )
EMI Shielding

The shielding efficiency (SE) was acquired using a vector network
analyzer (VNA), with the film (5 x 2 cm) placed between the waveguides at
a frequency range between 8 to 12 GHz. The thickness of all the films used
in this analysis was 0.08 mm. In this analysis, the data of four scattering
parameters were obtained; S, , S ., S,,, and S_,. The value of reflection (R),
transmittance (T), and absorbance (A) was calculated from these parameters
using the following equations [6];

R=1IS I 3)
T=IS, I’ “)
A=1-R-T (5)

S, and S, are the forward reflection coefficient and forward

transmission coefficient, respectively.

In addition, the shielding effectiveness due to the reflection (SER) ,
absorbance (SEA), total shielding effectiveness (SET) was calculated using
the following equations [6, 7];

SE, =-10 log (1-R) (6)
SE, =-10 log (T/(1-R)) (7)
SE,=SER + SEA =10 log T (8)

In order to be suitable for commercial applications, an electromagnetic
interference (EMI) shielding efficiency of 20 dB is necessary, equivalent
to effectively blocking 99 % of incoming radiation. SET is converted from
dB to % SE by using the formula in Eq. (9) [7];

Shielding efficiency (%) = 100 — (. 155) X 100 )

1010
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RESULTS AND DISCUSSION

FTIR Analysis

The copolymers spectrum in Figure 1 indicates that the FTIR spectrum
of the lowest PANi ratio (1:1 PMMA/PANI 2h) exhibited a stronger band
with lower transmittance and broad character. The decrease in transmittance
and broadening of the peak is significant for the peak characteristic attributed
to PMMA bands. The bands are C-H stretching vibration (2999 — 2800
cm '), C=0 (1722 cm™), CH, stretching vibration (1482 cm™', 1448 cm ™),
and O-CH, stretching (1143 cm™). The apparent change in intensity of these
bands is evidence of lower PANi functional groups in the 1:1 PMMA/PANi
2h sample. The reduction in FTIR band intensity confirms the interaction
and formation between PMMA molecules due to the lower amount of PANi
molecules in the copolymer [8]. Similarly, when the PANI ratio increases
from 1:1 to 1:3 and 1:5, the transmittance of the peaks attributed to both
PMMA and PANi molecules increases in the 1:3 and 1:5 samples. The
band assigned to N-H stretching (3444 - 3440 cm™), ring stretching of a
quinoid and benzenoid unit of PANi (1400 — 1590 cm™), and C-N stretching
(1386 cm™) is higher in transmittance in 1:3 PMMA: PANi 2h and 1:5
PMMA: PANi 2h sample to that of the 1:1 PMMA: PANi 2h sample. This
indicates that the amount of PANi formation in the copolymers increases
with the increasing PANI ratio.
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Figure 1: FTIR spectra of PMMA: PANi copolymer with different MMA and aniline
ratios
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High interaction between PMMA and PANi molecules in the 1:3 and
1:5 copolymer samples is implied with high transmittance of the carbonyl
group of PMMA (1722 cm™!) and N-H stretching group of PANi (3444 —
3440 cm™). The interaction of PMMA and PAN:i is via hydrogen bonding
between the oxygen atom of PMMA and the hydrogen atom of PANi. An
increase in intensity due to high molecular interaction was also reported by
various researchers in their studies [9—11].

In addition, there is a specific change in the absorption region between
1590 cm™ to 1483 cm™', which is attributed to a quinoid and benzenoid
unit of PANi. The absorption peak around 1483 cm™ disappeared in the
1:1 PMMA: PANi 2h spectrum due to the low transmittance of this band
with low PANi content. The strong C-H stretching bond at 1466 cm™' of
PMMA tends to cover the functional unit of PANi due to the low amount
of PANi [12].

After adding PANI to a higher loading ratio (1:5), the N-H stretching
mode of PANi at 3440 cm™' is shifted to 3444 cm™ for both 1:3 and 1:5
PMMA/PANI 2h samples than 3430 cm™' for 1:1 PMMA/PAN!I ratio. A
similar finding was also observed for a quinoid and benzenoid unit of PANi
where the band attributed to this functional group is shifted from 1590 cm™
to 1583 cm™ (1:5 PMMA/PANI), 1584 cm™! (1:3 PMMA: PANI), and 1544
cm! (1:1 PMMA: PANi). This is due excessive amount of PANi present
in the polymer matrix due to high PANi content rather than bonding with
PMMA molecule [9]. Therefore, these peaks are shifted to less frequency
than low PANi content.

From the FTIR analysis, the influence of PANi content in the
copolymer had been proven based on the presence of the change in intensity
and shifts in peak. As discussed previously, the difference in lower intensity
with low PANi content may be due to the self-crosslinking of PMMA in the
polymer matrix, which results in stronger bonds in the 1:1 PMMA/PANi
2h spectrum [9].
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Electrical Conductivity

Figure 2 shows the variation of electrical conductivity of PMMA/PANi
copolymers at different ratios of MMA to aniline monomer. According to
this measurement, different conductivity values were found for the different
MMA to aniline ratio, as shown in Table 1. Pure PMMA is an insulating
material with a conductivity of 3.61 x 107" S/cm. The conductivity of
the PMMA/PANI copolymer was found to increase on the addition of
aniline to MMA ratio to 2.83 x 1077 S/cm for 1:1 PMMA: PANI film and
2.34 x 10°S/em for 1:3 PMMA/PANI film respectively. The increment
was due to the formation of conducting network throughout the PMMA
matrix [13].
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Figure 2: I-V curve of pure PMMA and PMMA/PANi copolymer films polymerized at
various MMA: aniline ratios

However, it can be seen that upon further increase of aniline to MMA
ratio up to 1:5, the film’s conductivity was dropped to 7.23 x 1077 S/cm. In
particular, too much aniline incorporation into PMMA molecules would
cause non-uniformity and non-bonded PANi molecules with PMMA [14].
Thus, the non-uniformity of PANi results in reduced conductivity of the
copolymer.
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From the conductivity analysis, it can be concluded that the amount
of aniline plays a vital role in determining the conductivity of the PMMA/
PANi copolymer produced. It is important to note that the highest
conductivity obtained (2.34 x 107° S/cm) falls under the conductivity range
of semiconductor materials (10~® — 10? S/cm), making them a good candidate
for EMI shielding material.

Table 1: Conductivity of PMMA and PMMA/PANi copolymer

Sample MMA:Aniline Ratio | Conductivity (S/cm)
Pure PMMA - 3.61x10™"
1:1 PMMA/PANI 2h 1:1 2.83 x 107
1:3 PMMA/PANI 2h 1:3 2.34 x 1078
1:5 PMMA/PANI 2h 1:5 7.23 x 107

Shielding Effectiveness

From Figure 3 (a) and (b), it can be seen that the average reflection
shielding effectiveness (SE,) of all copolymer films is found to be lower
than that of pure PMMA film. Additionally, as for absorbance shielding
effectiveness (SE,), a gradual increment of the trend can be observed.
The SE, for 1:1 PMMA/PANI 2h film is 0. 45 dB and increases to
1.22 dB when the MMA: aniline ratio increases to 1:3. The huge difference
in the SE, and SE , trends of the copolymer films suggest that the absorption
mechanism is dominant in the PMMA/PANi copolymer. Meanwhile, the
SE, value for pure PMMA is only 0.15 dB. Thus, even though the value
of SE, of the copolymers is considered low, it is proven that adding the
conductive material, such as PANi, in the PMMA matrix can improve the
absorption of EM radiation. This suggests that the interfacial polarization of
the PMMA molecule by PANi molecules increases, leading to an increase
in the absorption mechanism [15].

The total shielding effectiveness (SE,) of PMMA/PANi copolymer
depends on the content of the conductive element in the copolymer. As seen
in Figure 3(c), the trend of the total shielding effectiveness (SE, ) is increased
with an increase in the aniline ratio. The average SE_of 1:1 PMMA/PANi
2 hfilmis 0.45 dB and increases to 1.22 dB and 0.60 dB at 1:3 and 1:5 MMA:
aniline ratio, respectively. The increase in the shielding effectiveness of the
PMMA/PAN:I copolymer over the pure PMMA is due to the formation of
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a conductive network of PANi1 in the PMMA matrix. However, too much
aniline content in the polymer matrix causes non-homogenous molecules

in the PMMA matrix, thereby reducing the shielding effectiveness [15].
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Figure 3: (a) Shielding effectiveness due to reflection (SE,) (b) Shielding
effectiveness due to absorption (SE,) (c) Total shielding effectiveness
(SE,) (d) Shielding efficiency (SE) of the PMMA/PANi copolymers and
pure PMMA film.

A similar trend can also be observed for the shielding efficiency of the
copolymer films. As depicted in Figure 3 (d), the highest shielding efficiency
of the PMMA/PAN:I copolymer films is 51 % at 12 GHz for 1:3 PMMA/
PAN:i 2h film, more than that of pure PMMA film (13 %). A further increase
in the aniline content (1:5 PMMA/PANI) decreases the shielding efficiency
of the PMMA/PAN!I copolymer to 30 %. The high shielding performance at
12 GHz at the optimum amount of aniline content is ascribed to the higher
electrical conductivity of the PMMA/PANI copolymer.

Based on the shielding effectiveness test, the copolymer films showed
an improvement in shielding properties over the pure PMMA film through
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the absorption mechanism. The PMMA/PANi copolymer polymerized
with a 1:3 MMA to aniline ratio was proven to have the highest shielding
effectiveness among the other copolymer films due to better conductivity.
The conductivity of PANi facilitates the reflection of electromagnetic
waves inside the film matrix, thereby reducing the probability of the EM
waves transmitting through the material [16]. Excessive aniline, up toa 1:5
MMA :aniline ratio, will only cause agglomeration to occur within PANi
particles. Agglomeration disrupts the alignment of PANi chains and leads to
areduction in conductivity due to the difficulties faced by charge carriers in
moving through the material [17]. However, the shielding properties of the
copolymer film were not sufficient for commercial use. Nevertheless, with
further improvements and modifications, PMMA/PANIi copolymers have
the potential to advance significantly in terms of EMI shielding properties.

CONCLUSION

In this work, we have investigated the electromagnetic interference (EMI)
shielding effectiveness of PMMA/PANi copolymers. Co-polymerizing
MMA fabricated the film with aniline monomer using different ratios of
MMA to aniline. We found that a copolymer film produced with a 1:3 MMA
to aniline ratio has the highest conductivity and shielding effectiveness of
EM radiation over pure PMMA film. Since the conductivity of the copolymer
is largely depending on the polarons site of aniline, the optimum amount
of aniline monomer is found to give enhancement of the conductivity
performance of the copolymer as supported by the results obtained in FTIR
analysis where the optimum amount of aniline provides a better PMMA -
PANi network through strong m-m interactions by hydrogen bonding.
Moreover, material with high conductivity gives better EM shielding due
to more efficient in dissipating and redirecting EM energy. On the other
hand, the conductivity of the copolymer film is highly influenced by the
amount of aniline content. Still, too high aniline causes non-homogeneity
in the PMMA matrix, resulting in a reduction in conductivity. With further
studies, the prepared conducting polymer-based film is expected to be
commercially used in EMI shield applications due to its cost-effectiveness
and ease of fabrication using simple equipment and processing, but with
better EMI shielding performance.
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